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Conclusions: RF/anti-CCP titers correlated with TNF level. This might explain the association of RF/anti-CCP with infliximab level and clinical response in patients with RA. Baseline RF/anti-CCP titers may serve as indices that aid infliximab treatment.
Trial registration: ClinicalTrials.gov, NCT00691028. Retrospectively registered on 3 June 2008.
Keywords: Rheumatoid arthritis, Infliximab, Anticyclic citrullinated peptide antibodies, Rheumatoid factor, Clinical response, Pharmacokinetics, Prediction Background Both rheumatoid factor (RF) and anticyclic citrullinated peptide antibodies (anti-CCP) are useful for diagnosing rheumatoid arthritis (RA) [1, 2] , and they have been shown to be associated with the progression of joint destruction in patients with RA [3, 4] . However, the influence of these autoantibodies on the clinical status and disease activity of patients with RA has yet to be fully clarified.
RF and anti-CCP have recently been shown to influence the efficacy of some non-tumor necrosis factor (non-TNF) biological disease-modifying antirheumatic drugs (DMARDs) [5] [6] [7] [8] [9] . However, the influence of these autoantibodies on the efficacy of TNF inhibitors, the first biological DMARDs approved for RA, has been controversial [10] [11] [12] [13] [14] [15] [16] .
The RISING study was a randomized, double-blind trial that demonstrated the usefulness of dose escalation of infliximab (IFX) in RA [17] . In a post hoc analysis of this study, we previously reported that the baseline plasma TNF level greatly influenced serum IFX levels and predicted clinical response at 1 year [18] .
RF/anti-CCP double-positive but not single-positive patients with RA were reported to show significantly higher circulating TNF levels than double-negative patients [19] . We therefore hypothesized that "both RF-high and anti-CCP-high" would correlate with a higher TNF level, which would result in a lower IFX level and clinical response. In the present analysis using data from the RISING study, we explored the association between baseline RF and anti-CCP titers with efficacy of IFX therapy in patients with active RA despite methotrexate (MTX) treatment.
Methods

Study protocol
The protocol of the RISING study has been published elsewhere [17, 18] . Patients with active RA (diagnosed according to 1987 American College of Rheumatology criteria [20] ) despite MTX treatment were treated with a standard dose (3 mg/kg) of an IFX originator (Remicade; Mitsubishi Tanabe Pharma Corporation, Osaka, Japan) at weeks 0, 2, and 6 (W0, W2, and W6, respectively), after which they were randomized to three dosing groups and treated with 3, 6, or 10 mg/kg of IFX every 8 weeks from W14 to W46. Active RA was defined by the presence of at least six swollen joints, at least six tender joints, and an erythrocyte sedimentation rate ≥ 28 mm/h or a serum C-reactive protein (CRP) level ≥ 2.0 mg/dl.
Disease activity and laboratory testing
Disease activity was evaluated by the Disease Activity Score in 28 joints based on C-reactive protein (DAS28-CRP). Because there is controversy about the cutoff level of DAS28-CRP, which might underestimate disease activity when using cutoff values validated for DAS28 based on erythrocyte sedimentation rate [21] , we used the cutoff levels that were previously estimated in Japanese patients with RA as follows: clinical remission (REM) < 2.3, low disease activity without clinical remission (LDA), ≥ 2.3 but < 2.7, moderate disease activity (MDA) ≥ 2.7 but ≤ 4.1, and high disease activity (HDA) > 4.1 [22] . RF titers were measured by a latex agglutination test using the Auto LIA-RF kit (Nissui Pharmaceutical Co., Tokyo, Japan) with a detectable limit of ≥ 3 IU/ml (normal range ≤ 15 IU/ml). Anti-CCP titers were measured by performing an enzyme-linked immunosorbent assay (ELISA) using the DIASTAT anti-CCP kit (Euro Diagnostica, Malmö, Sweden) with a detectable range of ≥ 0.6 to < 100 U/ml (normal range ≤ 5.0 U/ml). Disease activity, RF, and anti-CCP at W54 were evaluated using the last observation carried forward approach.
Baseline plasma TNF levels (just before the first IFX infusion) were measured by ELISA using the QuantiGlo ELISA Kit (QTA00B; R&D Systems Inc., Minneapolis, MN, USA) as described previously [18] . Baseline plasma interleukin (IL)-6 and serum matrix metalloproteinase (MMP)-3 levels were measured by ELISA [18] . All laboratory tests were performed at LSI Medience Corporation (Tokyo, Japan).
Serum IFX levels and anti-infliximab antibody (ATI) positivity were measured by ELISA [17] at Mitsubishi Tanabe Pharma Corporation using the same ELISA system (Janssen Biotech, Inc.; Horsham, PA, USA) as that used in previous phases II and III studies for RA [23] [24] [25] . IFX levels were evaluated at W2, W6, W10, W14, and W54, with the lower detection level of < 0.1 μg/ml. ATI positivity was evaluated at W54 in study completers or at 12 weeks after the last infusion in noncompleters. Patients with detectable serum IFX levels were considered to be ATI-negative and were not evaluated for ATI positivity (i.e., serum IFX levels were < 0.1 μg/ml in all ATI-positive patients), as described previously [17, [23] [24] [25] .
Stratification of patients using baseline RF and anti-CCP titers
Baseline RF and anti-CCP cutoff values for patient stratification were defined as follows: RF-low < 55 IU/ml and RFhigh ≥ 160 IU/ml (both are tertile values at baseline in this study) and anti-CCP-low < 42 U/ml and anti-CCP-high ≥ 100 U/ml. The lower cutoff for anti-CCP of 42 U/ml was the first tertile for baseline anti-CCP titer, whereas the upper cutoff of 100 U/ml corresponded to the upper detection limit for anti-CCP (Additional file 1).
Patients with RA were then stratified into the following three classes on the basis of the above-mentioned cutoff values: low/low class (both RF-low and anti-CCPlow, low/low-C), high/high class (both RF-high and anti-CCP-high, high/high-C), and middle class (patients who did not meet the criteria for either class, middle-C) (Additional file 2). The following data were compared between the three classes: baseline plasma TNF level, serum IFX levels at W2, W6, W10, W14, and W54, and disease activities at W0, W2, W6, W10, W14, and W54.
Statistical analysis
Spearman's rank correlation test was used to evaluate the correlation of baseline RF titer and baseline anti-CCP titer with patient characteristics, serum IFX levels, and disease activity. The Kruskal-Wallis test or chi-square test was used to compare patients' characteristics, IFX levels, and disease activity among the three dosing groups (3, 6, and 10 mg/kg) or among three classes stratified on the basis of RF/anti-CCP at baseline (low/low-C, middle-C, and high/ high-C). In addition, RF titers, anti-CCP titers, and the rate of three classes at W30 and W54 were compared with those at baseline (W0) using the Wilcoxon signed-rank test in each dosing group. All statistical analyses were performed using SAS version 9.4 software (SAS Institute Japan Ltd., Tokyo, Japan). p < 0.05 (two-tailed) was considered to indicate statistical significance.
Results
Patient baseline characteristics and clinical response at week 54 Table 1 shows patient baseline characteristics and clinical response at W54 for each IFX dosing group. Median (IQR), first tertile, and second tertile of baseline RF titers were 92 (37-237), 55, and 160 IU/ml, respectively (Additional file 1). The proportion of patients who were RF-negative (≤15 IU/ml) was 13% (41 of 307). Although no significant difference was observed in patient baseline characteristics among three dosing groups, the RF-negative rate tended to be high in the 3 mg/kg group.
The median (IQR) and first tertile of baseline anti-CCP titers were ≥ 100 (28, ≥ 100) and 42 U/ml, respectively. The proportion of patients with a baseline anti-CCP titer above the upper detection limit (≥ 100 U/ml) was 58% (177 of 307), and the proportion of patients who were anti-CCP-negative (≤ 5.0 U/ml) was 8% (25 of 307). The proportion of patients who were seronegative for both RF and anti-CCP was 6% (19 of 307). Comorbidity was observed in 78% of patients; the major comorbidities were hypertension (21%), pollinosis (17%), osteoporosis (13%), and anemia (12%). Table 1 also shows the clinical responses of the 3, 6, and 10 mg/kg dosing groups at W54. Significant differences in DAS28-CRP and disease activity criteria at W54 were observed among the three dosing groups. In contrast, both RF and anti-CCP titers significantly decreased after IFX treatment in each dosing group; however, no significant difference was observed among the three dosing groups (Additional file 3). Table 2 shows the correlations of baseline RF and anti-CCP titers with patient baseline characteristics. The baseline RF titer showed significant correlations with sex, age, duration of disease, total modified Sharp score, MMP-3, and anti-CCP, as well as TNF level, although the correlation coefficient for each was low. In contrast, the baseline anti-CCP titer showed significant correlations with comorbidity and RF as well as TNF level. Accordingly, TNF level was the only baseline characteristic that correlated with both RF and anti-CCP.
Correlations of baseline RF and anti-CCP titers with patient baseline characteristics
Correlations of baseline RF and anti-CCP titers with serum IFX levels
We previously reported a significant negative correlation between the TNF level and IFX level [18] . In the present analysis, we explored the association of baseline RF and anti-CCP titers with IFX levels in W2 to W14 in patients receiving 3 mg/kg of IFX (Table 3) . Similarly to our previous findings regarding TNF and IFX levels, significant negative correlations were noted between IFX levels and both baseline RF and anti-CCP titers at all time points (W2 to W14). Among the other patient baseline characteristics analyzed, only sex was significantly correlated with IFX levels at all time points.
Correlation of patient baseline characteristics with the three classes stratified by baseline RF and anti-CCP titers
We initially hypothesized that TNF level should be low in patients who are negative for RF and anti-CCP at baseline, which would lead to high IFX levels. However, the relatively small patient group of 41 RF-negative patients and 25 anti-CCP-negative patients in the RIS-ING study prevented analysis of differences in IFX level and disease activity at W54 between the three IFX dosing groups. To resolve this issue, we stratified the patients in the RISING study into three classes using cutoff values for both RF and anti-CCP as described in the Methods section above as low/low-C (RF-low/anti-CCP-low), high/high-C (RF-high/anti-CCP-high), and middle-C (those who did not meet the criteria for either class) (Additional file 2). Table 4 shows patient baseline characteristics in the three stratified classes. A significant difference was observed in baseline TNF levels among three classes, with the TNF level being lowest in low/low-C (median 0.73 pg/ml), middle in middle-C (median 0.91 pg/ml), and highest in high/high-C (median 1.15 pg/ml). The proportions of patients with a high baseline TNF level ≥ 1.65 pg/ml [18] in low/low-C, middle-C, and high/high-C were 8%, 8%, and 30%, respectively. Regarding disease activity and Health Assessment Questionnaire at baseline, significant differences were observed among the three classes; however, the values were lower in middle-C.
Correlation of serum IFX levels and disease activity until
week 14 in the three stratified classes Table 5 shows the IFX levels in W2 to W14 and disease activity in W0 to W14 in the three classes. Significant differences in IFX levels were observed in W2 to W14, with observed levels highest in low/low-C and lowest in high/high-C. Even in high/high-C, median IFX levels in W2 to W10 (2 or 4 weeks after the previous infusion) were above the threshold level for clinical a Chi-square test was used to evaluate the differences among three dosing-groups response (≥ 1.0 μg/ml), the value for which has been reported in previous clinical studies using the same ELISA system [17, 24, 25] . However, in high/high-C, the median IFX level at W14 was 0.4 μg/ml, and the proportion of patients with IFX levels ≥ 1.0 μg/ml was only 30%. The corresponding proportion in middle-C was between that in low/low-C and that in high/high-C for each time point. With regard to disease activity, an opposite trend was observed: The median DAS28-CRP was lowest in low/ low-C and highest in high/high-C, although the difference (marginally significant) was observed only at W14 (8 weeks after the previous infusion).
Correlation of serum IFX levels and disease activity at
week 54 with the three stratified classes in each IFX dosing group Figure 1a and b shows the IFX levels and DAS28-CRP at W54 in the three stratified classes in each IFX dosing group (3, 6, or 10 mg/kg group). In the 3 mg/kg dosing group, a significant difference in IFX levels at W54 was observed among the three stratified classes. The proportion of patients with IFX level ≥ 1.0 μg/ml at W54 was 52% in low/low-C but only 12% in high/high-C with a median IFX level of 0.1 μg/ml (close to the lower detection limit).
A significant difference was also observed in disease activity at W54 in patients receiving 3 mg/kg of IFX. The proportions of patients with REM and HDA were 48% and 9% in low/low-C and 24% and 38% in high/ high-C, respectively. In patients receiving IFX at 6 or 10 mg/kg, the IFX level at W54 was lowest in high/high-C, but not to a significant degree. The median IFX level in high/high-C at W54 was 3.0 or 3.8 μg/ml in patients receiving 6 or 10 mg/kg of IFX, respectively, either of which was ≥ 1.0 μg/ml. With regard to disease activity at W54 in patients receiving IFX at 6 or 10 mg/kg, no significant difference was observed among the three classes. In addition, the proportion of patients with RF-high/ anti-CCP-high decreased, and the proportion of those with RF-low/anti-CCP-low increased during IFX treatment in each dosing group, despite no differences among the three dosing groups (Additional file 3).
ATI positivity
As described in the Methods section above, patients with detectable serum IFX levels (≥ 0.1 μg/ml) were defined as ATI-negative and were not evaluated for ATI positivity. ATI positivity was evaluated in 98 patients. ATI positivity rates in low/low-C, middle-C, and high/high-C were 13% (3 of 23, ATI was analyzed in 5), 34% (16 of 47, ATI was analyzed in 26), and 28% (8 of 29, ATI was analyzed in 14) , respectively, in the 3 mg/kg dosing group (n = 99); 15% (3 of 20, ATI was analyzed in 6), 24% (15 of 62, ATI was analyzed in 21), and 27% (6 of 22, ATI was analyzed in 7), respectively, in the 6 mg/kg group (n = 104); and 10% (1 of 10, ATI was analyzed in 1), 14% (10 of 74, ATI was analyzed in 14), and 10% (2 of 20, ATI was analyzed in 4), respectively, in the 10 mg/kg group (n = 104). ATI positivity rates in low/low-C tended to be lower than in the other classes, but no significant difference was observed among the three dosing groups.
Discussion
Despite its efficacy in treating RA [26] [27] [28] [29] , IFX treatment is very costly. Therefore, predicting the clinical efficacy of IFX therapy is extremely important with regard to medical economics. Although prediction of the clinical efficacy of IFX therapy has been investigated in many studies, results have been controversial [10, 11, 30] . Although researchers in some studies reported that early response predicted long-term responses [31, 32] , identifying predictive factors "at baseline" would be even more worthwhile in establishing IFX treatment strategies.
Our previous findings derived from a post hoc analysis of the RISING study demonstrated that patients with a high baseline TNF level had low IFX levels during IFX therapy and that this was associated with a poor clinical response 1 year later, particularly in patients on 3 mg/kg therapy [18] . However, TNF levels are generally quite low, and measurement results can differ markedly depending on the assay system used [18, [33] [34] [35] . In addition, measurement of TNF levels is not routine in clinical practice. Thus, other factors that can easily be measured in the clinical setting and can predict the efficacy of IFX therapy are desired. In this post hoc analysis of the RISING study, we found a positive correlation of baseline TNF level, and a negative correlation of IFX levels, in W2 to W14 with baseline RF and anti-CCP titers. We then stratified patients using baseline RF and anti-CCP titers into low/ low-C, middle-C, and high/high-C to evaluate the correlation with TNF levels as well as IFX levels and clinical responses. We found that RF-high/anti-CCP-high patients (high/high-C) had higher baseline TNF and lower IFX levels than other classes (Tables 4 and 5 ).
In RF-high/anti-CCP-high patients, humoral immunity may be enhanced, leading to an increasing risk of ATI expression, which correlates with lower IFX levels [36, 37] . Indeed, ATI positivity was higher in high/high-C than in low/low-C in the 3 and 6 mg/kg dosing groups, despite the absence of a significant difference. Therefore, the low IFX level in high/high-C might be due to the induction of ATI production in this patient class. Meanwhile, we observed a negative correlation between baseline RF/anti-CCP and IFX level even at the early induction phase (W2, after the first infusion), in which most patients were thought not to produce ATI (Table 5 ). We therefore considered that the correlation of baseline RF/anti-CCP with IFX level is likely due to the high baseline TNF level and that high ATI positivity in high/high-C may be the consequence of a low IFX level. However, we did not evaluate ATI positivity in patients with a detectable serum IFX level, and we did not exclude the effect of ATI production on the low IFX level.
Upon evaluating the correlation between DAS28-CRP until W14 and the three stratified classes, a significant correlation was observed in only at W14 (8 weeks after the previous infusion) ( Table 5 ). Although IFX levels at W2 to W10 were lower in high/high-C than in the other classes, ≥ 60% of patients in high/high-C had a serum level > 1.0 μg/ml, which was reported as the threshold value for clinical response in several clinical studies using the same ELISA system [17, 24, 25] . In contrast, the median serum IFX level at W14 was 0.4 μg/ml, and approximately one-third of patients showed a level that [22] . The Kruskal-Wallis test was used to evaluate the differences among three classes was below the lower limit of detection (< 0.1 μg/ml). Given these findings, we believe that the difference (marginally significant) in disease activity observed only at W14 was likely due to the markedly low IFX levels at W14 in high/high-C. Similarly to these findings at W14, significant differences in IFX levels and disease activity were also observed at W54 in patients who continued to receive IFX at 3 mg/kg ( Fig. 1a and b) : high IFX levels and LDA in low/low-C, low IFX levels and HDA in high/high-C, and intermediate values in middle-C. Given these findings, baseline RF and anti-CCP titers were clearly associated with treatment response at W54 in patients receiving 3 mg/kg IFX.
In contrast, in patients receiving IFX at 6 or 10 mg/kg, IFX level at W54 tended to be lowest in high/high-C. However, no significant difference was observed in either IFX level or disease activity. In high/high-C, the median IFX levels at W54 in the 6 and 10 mg/kg dosing groups were 3.0 and 3.8 μg/ml, respectively, and the proportions of patients with a level above the threshold for clinical response (≥ 1.0 μg/ml) at W54 were 60% and 80%, respectively. Given these findings, the lack of difference in disease activity at W54 in the 6 and 10 mg/kg dosing groups was likely due to the sufficiently high IFX levels observed even in high/high-C.
Upon comparing disease activity criteria between the three IFX dosing groups (3, 6, and 10 mg/kg), in each of the three classes, no significant difference was observed in low/low-C (p = 0.845 by Kruskal-Wallis test), whereas some degree of difference was observed in high/high-C (p = 0.183) and middle-C (p = 0.026). These findings suggest that dose escalation of IFX might not be clinically meaningful in low/low-C, most of whom maintained the threshold for clinical response. Dose escalation would therefore be more effective in middle-C and high/high-C.
In addition to baseline RF and anti-CCP titers, sex was found to be significantly correlated with IFX levels in W2 to W14; indeed, IFX levels tended to be higher in female than in male patients. However, baseline RF titers were significantly lower in female patients, and baseline TNF levels tended to be lower in female than in male patients (median 0.90 versus 1.03 pg/ml). In addition, the female-to-male ratio in high/high-C was lower than in low/low-C (data not shown). Differences in baseline RF and TNF levels and in female-to-male ratio among the classes might have contributed to the apparent correlations between sex and IFX levels.
Although details regarding the mechanism underlying the correlation between RF/anti-CCP and TNF levels are unknown, a previous in vitro study showed that anti-CCP induced the production of inflammatory cytokines in the synovial membrane and that this was amplified by RF [38] . This finding suggests that the induction of TNF production in the synovial membrane may elevate circulating TNF levels in patients with high RF/anti-CCP titers. In this study, RF and anti-CCP titers at W54 were significantly decreased in all three IFX dosing groups compared with those at W0 (Additional file 3), suggesting that a "vicious cycle" might exist in patients with RA whereby RF/anti-CCP promotes TNF production, which in turn contributes to further induction of RF/anti-CCP through an as yet unknown mechanism.
In the BeSt Study, patients who sustained drug-free remission were reported to have significantly lower baseline RF and anti-CCP titers than those who did not [39] . In patients in whom RF and anti-CCP titers returned to the normal range with IFX therapy, the aforementioned "vicious cycle" might have been stopped. This stop might enable tapering of IFX in these patients with 8.1 ( Fig. 1 a, b Serum infliximab level and disease activity at week 54 in three stratified classes. Differences among three classes stratified on the basis of rheumatoid factor and anti-cyclic citrullinated peptide antibodies at week 0 in serum infliximab (IFX) level at week 54 (a) and with disease activity at week 54 b were evaluated by Kruskal-Wallis test. Disease activity was evaluated using Disease Activity Score in 28 joints based on C-reactive protein with the following REM cutoff levels: < 2.3, LDA ≥ 2.3 but < 2.7, MDA ≥ 2.7 but ≤ 4.1, and HDA > 4.1 [22] . HDA High disease activity, LDA Low disease activity without clinical remission, MDA Moderate disease activity, REM Clinical remission RA (i.e., dose reduction or withdrawal). However, further study is needed to prove this hypothesis.
Some IFX biosimilars, which are available for rheumatological as well as dermatological and gastroenterological conditions in some countries, have been reported to show the same efficacy, safety, and pharmacokinetics as the IFX originator Remicade [40] . Therefore, our results might theoretically be applicable to these IFX biosimilars. However, we used only the IFX originator in this study, and further study is needed to confirm the adaptation.
Several limitations of this study warrant mention. The first and most critical limitation is that the upper detection limit for anti-CCP was 100 U/ml, and baseline anti-CCP titers were ≥ 100 U/ml in 58% of patients in this study. Because of this low upper limit, we could not stratify three classes using a "true second tertile" of anti-CCP (58% were stratified as anti-CCP-high), and analyses in patients with an extremely high anti-CCP titer were difficult. Second, we could not delineate each influence of RF or anti-CCP on TNF level, IFX levels, or disease activity, because RF and anti-CCP were significantly correlated (rho = 0.373, p < 0.0001) and resulted in the small numbers of patients with RF-high/ anti-CCP-low or RF-low/anti-CCP-high. Third, TNF level could not be explained solely using RF and anti-CCP titers. Despite the significant correlation of RF/anti-CCP titers with TNF level, the correlation coefficients were low. In addition, TNF level was also significantly correlated with other baseline characteristics, such as DAS28-CRP, age, and IL-6 level. Accordingly, we cannot rule out the possibility that other factors besides RF/anti-CCP titers influenced the TNF level. Fourth, IFX levels may not actually be linked to baseline RF/anti-CCP titers, but may be linked to RF/anti-CCP titers at the point of measurement. Although both RF and anti-CCP titers were significantly reduced in all three dosing groups after IFX treatment (Additional file 3), both autoantibody levels at baseline and W54 were closely correlated in this study (rho = 0.819 for RF, rho = 0.871 for anti-CCP). In addition, IFX levels at W54 tended to be more strongly correlated with RF and anti-CCP titers at W54 than at W0 (data not shown). Under these conditions, some inaccuracy may exist when predicting clinical response on the basis of baseline RF/ anti-CCP titers in certain patient populations, such as those showing extreme or no change of RF/anti-CCP titers regardless of their clinical response during IFX therapy. Allowing for these limitations, these findings will provide useful indices for IFX treatment strategy. However, given that the RISING study did not measure circulating autoantibodies other than RF and anti-CCP, future studies may be required to clarify the influence of other autoantibodies on IFX levels and clinical responses in patients with RA.
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